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Abstract: A-two step soil washing experiment was conducted to search an effective washing 
technique for the remediation of the contaminated soil from a steel smelting site. Our results 
indicated that 0.5M of hydrochloric acid alone could reduce soil cadmium concentration to lower 
than 1 mg kg
-1
, 1M of hydrochloric acid alone could reduce soil lead concentration to lower than 
140 mg kg
-1
, 2M of hydrochloric acid combined with 0.2M of sodium hydroxide could reduce soil 
zinc concentration to lower than 200 mg kg
-1
 and reduce soil arsenic concentration to lower than 20 
mg kg
-1
, the washed soil could be safely reused according to the national exhibition land quality 
standards of grade A. 
1. Introduction 
Soil is an effective component of urban ecological environment and an important carrier of 
urban function. However, intensive industrial activity has resulted in high accumulation of heavy 
metal in soil environment [1]. Since metals were not biodegradable by natural process and remain in 
ecosystem [2], it might potentially degrade surface water and groundwater through runoff and do 
harm to living organism through wind erosion [3] as well as prohibit potential use of the area [4]. 
Heavy metal contamination in site has becomes a pressing problem to be resolved and a rapid and 
effective remediation technique is needed so as to assure in time and safely reuse of the site.  
Since heavy metals like lead is not available in soil for plant uptake [5], soil washing technique 
involves the separation of pollutants from the soil matrix by dissolving them in a washing solution 
could provide a very promising alternative[1, 6]. Several washing agents have been investigated to 
decontaminate metals from soil, like chloride solutions, chelating agents, surfactants, and reducing 
and oxidizing agents [7], in which the acid and the chelant are two most prevalent washing 
agents[8]. Hydrochloric acid, sulfuric acid, nitric acid, phosphoric acid have been studied in bench 
and field scale experiments for remediaton of contaminated soils, sediments, and sludge [9], 
hydrochloric acid was efficient in zinc extraction [10] and could achieve high lead extraction 
efficiency even at low concentration and short mixing time [1], it also exhibit strong ability in 
extracting cadmium from weathered, heavily cadmium contaminated soils[11] and show certain 
ability in extracting arsenic from arsenic mine tailings [9]. However, in sites, lead, zinc, cadmium 
were commonly coexist with arsenic, and hydrochloric acid alone was not sufficient to effectively 
reduce all metals to lower than required value due to their dissimilar chemical properties [12]. 
Under this condition, to find an effective washing technique becomes a necessity.  
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 Some researcher has proposed that a mixture of two washing reagents may provide an 
economically option for certain contaminated soils [4]. Hydrochloric acid was efficient in lead, zinc 
and cadmium extraction while sodium hydroxide was effective in arsenic extraction, a sequential 
washing technique with both agents would provide a promising alternative for remediation of 
multi-metal contaminated sites, and was thus proposed in our current study. 
2. Materials and methods 
2.1.Site background information 
The site located in southwest suburb of Beijing City, multi-decades of intensive metallurgical 
activity has resulted in serious heavy metal contamination problem around the site, affecting urban 
ecological environment and human health, rapid soil remediation is needed. 
2.2.Soil sampling  
The soil used was sampled from the top layer (0-30cm) due to the facts (a) it is consists of 
by-products of the past industrial activity and can pose a threat to ecosystem and human health and 
(b) it is considered as the most representative of the nature of the pollution present in the area. The 
sampled soil was then air-dried at room temperature and passed through a sieve with 10mesh.  
2.3. Soil washing 
Hydrochloric acid (0.01M, 0.05M, 0.1M, 0.5M, 1M, and 2M) were used in the first washing 
cycle followed by the second washing cycle with sodium hydroxide (0.2M). DI water washes were 
performed to provide a baseline. The test was accomplished by inserting 2g soil into 20 ml of 
extracting solution in a 50 ml polypropylene tube, the suspension was then placed on a shaker table 
operated at 180 rpm at room temperature, After shaking for 3 hours, the sample was centrifuged and 
filtered for further analysis and the washed soil entering into the next washing cycle. Each treatment 
was replicated three times and the difference between the replicates was controlled less than 5%.  
2.4. Chemical analysis 
Soil pH was measured by a pH meter (Aolineng Model 868, China) equipped with a pH 
electrode, the suspension was prepared as follows: 5g of air-dried soil was added to 12.5ml 0.01M 
H2O solution (solid to solution ratio=1:2.5) in a 20ml beaker and equilibrated for 30min. the total 
organic matter (TOM) was analyzed by Walkley–Black titrations [13], the cationic exchange 
capacity (CEC) was determined by ammonium acetate and the Mehlich method [13], soil particle 
size distribution was determined by a fully automatic laser granularity device (Saturn DigiSizer 
5200, USA). The soil samples were digested with HNO3/H2O2 [14] and the temperature of digestion 
was controlled to a maximum of 120-130℃ to avoid As volatilization. Lead, zinc and cadmium 
concentration were determined by ICP–MS and arsenic concentration was determined by AFS [13]. 
Blanks and soil standard material (GBW-07401) were used to check the accuracy of chemical 
analysis. All reagents were of analytical grade.  
2.5. Statistical analysis   
Data analysis was carried out using Excel 2003 and DPS software.  
3. Results and discussion 
3.1. Characteristics of soil  
Soil physical-chemical analysis showed that: pH was 8.6. organic matter (OM) content was 
13.7g kg
−1
. cationic exchange capacity (CEC) was 14.5cmol kg
−1
. The percentage of sand, silt, and 
clay particle were 78.9%, 20.9% and 0.07% respectively, based on particle size analysis, the soil 
was silty loam. pH, OM, CEC and particle size distribution were important parameters of soil that 
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 influencing metal extractability and mobility [6], an increase in OM, CEC and clay content could 
prevent metal extraction, while an increase in pH could promote metal extraction. Lead, zinc, 
arsenic and cadmium concentration were 325, 3645, 26.4, and 1.75 mg kg
-1
 respectively, the 
corresponding exceeding standard rate were 132%, 1720%, 31.5% and 74.5% respectively (the 
required concentration were ≤140 mg kg
-1
, ≤200 mg kg
-1
, ≤20 mg kg
-1
, and ≤1 mg kg
-1
 respectively) 
according to national exhibition land quality standards of grade A.  
3.2. Soil washing     
3.2.1. Lead  
Higher hydrochloric acid concentration 
produced greater lead removal amount. As the 
concentration increased from 0.01M to 0.05 M, no 
obvious increase of lead removal was observed, as 
the concentration increased from 0.05M to 0.1M, 
lead removal increased significantly from 
2.49mg.kg
-1
 to 24.5 mg kg
-1
 (Fig.1), as the 
concentration increased further to 0.5M, 1M, and 
2M, lead removal increased significantly to 139 
mg kg
-1
, 189 mg kg
-1
, and 277 mg kg
-1
 respectively 
(P < 0.05, Fig.1).  
Increase of lead removal was more obvious at 
concentration of 0.5M which consistent with Yang 
[9]. The filtrate pH (table 1) at 0.5M was 
significantly lower (1.83) than that at 0.1M (4.05). 
Previous research have reported that pH of the acid 
plays an important role in influencing the 
extractability of heavy metals from soils [15], as 
pH value was reduced to lower than 2, the 
dissolution mechanism other than desorption 
mechanism came into play in acid extraction of 
heavy metals [16].Lead removal was significantly improved by an additional use of 0.2M of sodium 
hydroxide. It might be mainly caused by first washing cycle, besides, Lead hydroxide as an 
amphoteric hydroxide could also dissolve in alkaline solution if the pH could increase to higher 
than 10, The filtrate pH fell in the range of 9.39-12.9 suggesting that there might occur the 
dissolution of lead hydroxide precipitate, and partly contribute to increase of lead removal. 1M of 
hydrochloric acid alone reduce the lead concentration to 132 mg kg
-1
, which could reach the 
objected lead removal efficiency (table 2) based on land reusing demand.  
3.2.2. Zinc 
Higher hydrochloric acid concentration resulted in greater zinc removal. As the concentration 
increased from 0.01M to 0.05 M, 0.1M, 0.5M, 1M, and 2M, zinc removal increased significantly 
from 41.9 mg kg
-1
 to 659 mg kg
-1
, 1758 mg kg
-1
, 2717 mg kg
-1
, 2972 mg kg
-1
, and 3197 mg kg
-1
 
(Fig.2). Zinc removal at 0.5M seems a turning point from rapid increase to comparatively slow 
increase. This was similar to lead removal, filtrate pH (table 2) at 0.5M of hydrochloric acid was 
lower than 2, a critical value below which the dissolution mechanism came into play in metal 
extraction [16]. No statistical difference of zinc removal was observed between one step and two 
step treatment. zinc speciation in alkaline solution varied from Zn(OH)3
-
, Zn(OH)4
2-
 to Zn(OH)2 and 
ZnO when the solution pH was lower than 11.5 [9], which consistent with our determined pH of the 
Table 1 pH of reagent, waste solution and washed soil 
First washing cycle Second washing cycle Two washing cycles 
Treatment pre- post- Treatment pre- post- filtrate washed soil 
0.01M 2.10 7.32 0.2M 13.1 12.9 10.2 10.4 
0.05M 1.44 6.76 0.2M 13.1 12.9 9.79 10.2 
0.1M 1.14 4.05 0.2M 13.1 12.9 9.20 10.0 
0.5M 0.53 1.83 0.2M 13.1 12.7 6.28 9.57 
1M 0.22 1.62 0.2M 13.1 10.9 4.53 9.58 
2M Not detected 1.15 0.2M 13.1 9.39 4.26 9.20 
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 washed soil (10.4-9.2), 2M of hydrochloric acid 
followed by 0.2M of sodium hydroxide showed 
moderate increase of zinc removal in the 
second washing cycle(Fig.2), might caused by solution transfer of the remained Zn
2+ 
desorbed and 
dissolved in hydrochloric acid. Zinc removal efficiency with 2M of hydrochloric acid was close to 
the objected zinc removal efficiency (table 3) and use of 0.2M of sodium hydroxide in the second 
washing cycle achieved the desired results, zinc concentration of the washed soil was reduced to 
168 mg kg
-1
, lower than the demanded value of 200 mg kg
-1
.  
3.2.3. Cadmium 
Higher hydrochloric acid concentration 
produced greater cadmium removal. Increasing the 
concentration to 0.05M has little effect on 
cadmium removal (Fig.3), initial soil cadmium 
concentration of the contaminated soil was 
significantly lower than lead and zinc, it was 
reported that low initial metal concentration 
generally resulted in low metal removal [17]. As 
the  concentration increased to 0.1M, 0.5M, 1M, 
and 2M, cadmium removal increased significantly 
to 0.59 mg kg
-1
, 1.17 mg kg
-1
, 1.45 mg kg
-1
, and 
1.65 mg kg
-1
 (P < 0.05). Similar trend with lead and zinc removal. 0.5M of hydrochloric acid also 
generated great cadmium removal, which further confirmed the importance of pH in acid extraction 
[15] and that pH=2 is the critical value in acid extraction [6, 16]. The second washing treatment 
showed moderate increase of cadmium removal might also caused by solution transfer of remained 
Cd
2+
 desorbed and dissolved in hydrochloric acid. 0.5M of hydrochloric acid alone could reach the 
required cadmium removal efficiency, cadmium concentration of the washed soil was reduced to 
0.56 mg kg
-1
, lower than the required value of 1 mg kg
-1
.  
3.2.4. Arsenic  
Higher hydrochloric acid concentration also produced greater arsenic removal, this was similar 
to lead, zinc and cadmium removal tendency. In addition, the removal was increased significantly at  
each increment of concentration, which was just similar to zinc removal. Further more, 0.5M of 
hydrochloric acid as a turning point of the rising trend of metal removal was not obvious for arsenic. 
This might lies in the fact that arsenic was an anion, has sharply different behavior compared with  
Tab le 2  M etal rem oval e fficiency (% ) ( * rep resent dem anded efficiency)  
R em oval efficiency (% )  
W ash ing treatm ent Lead  
57.0 * 
Z inc 
94.5  
Arsen ic 
24.1  
C adm ium  
42.9  
0 .01M  0 .90  1 .15  0 .15 0 .00  
0 .05M  0 .76  18.1  0 .61 1 .14  
0 .1M  7 .55  48.2  2 .05 33.7  
0 .5M  42.7  74.6  6 .30 66.3  
1M  58.2  81.6  11.0  82.9  
O ne-step  
w ith  hydroch loric  acid 
2M  85.2  87.7  19.6  94.3  
0 .01M +0 .2M  2 .96  3 .19  3 .23 0 .00  
0 .05M +0 .2M  2 .59  19.5  4 .29 1 .14  
0 .1M +0.2M  9 .38  48.6  5 .24 33.7  
0 .5M +0.2M  44.9  74.6  8 .46 66.3  
1M  l+0.2M  60.5  81.7  12.5  82.9  
T w o-step 
w ith  hydroch loric  acid 
and  sodium  hydroxide 
2M +0.2M  93.5  95.3  24.1  98.9  
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 cation, such as lead, zinc and cadium. Apart from 
dissolution of discrete arsenic contained 
compounds (e.g. Fe-Mn oxides) [1, 6, 9], higher 
pH also contribute a lot to the increase of arsenic, 
OH
-
 anion in higher pH solution could substitute 
arsenic anion and prevent re-adsorption of arsenic 
anion onto same adsorption sites [7, 9]. The use of 
0.2M of sodium hydroxide in the second washing 
step resulted in significantly higher arsenic 
removal and the removal was more apparent at 
lower hydrochloric acid concentration (table 3, 
Fig.4).   
4. Conclusions 
Our results indicated that higher hydrochloric acid concentration resulted in higher lead, zinc, 
cadmium and arsenic removal, the filtrate pH of 0.5M of hydrochloric acid was lower than 2, which 
corresponding a significant increase of metal removal at the concentration, lead removal tendency 
was similar to zinc and cadmium, arsenic removal tendency was different, 0.5M of hydrochloric 
acid alone could reduce soil cadmium concentration to lower than 1 mg kg
-1
, 1M of hydrochloric 
acid alone could reduce soil lead concentration to lower than 140 mg kg
-1
, 2M of hydrochloric acid 
combined with 0.2M of sodium hydroxide could reduce soil zinc concentration to lower than 200 
mg kg
-1
 and reduce soil arsenic concentration to lower than 20 mg kg
-1
, the washed soil could be 
safely reused according to the national exhibition land quality standards of grade A.  
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